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Abstract: In order to further observing programs aimed atphbssible meteorstorms
of November 1998nd 1999, wedescribe here how the Leonid shower is
expected to manifest itself on theky. We discuss: 1) the expected
wavelength dependence of meteor (traingmission, 2)the meteor
brightness distribution and influx, 3) the stream cresstion, radiant and
altitude of the meteors, 4) the apparent fluxes at varpmsstions in the
sky as a function of radiamlevation aswell as 5) the traillength and
radial velocity, and 6) the diametandbrightness of persistent trains as a
function of radiant elevation. These topics were chosen to help researchers
plan an observing strategyor imaging, spectroscopy,and LIDAR
observations. Some applications are discussed.

1. Introduction

On November 1%, 1998,andagain in 1999, the skgver eastersia (1998) and
Europe (1999) will be in flames if the Earttncemore, will cross thdresh ejecta

*
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of comet 55P/Tempel-Tuttle that wasappedout by historicaccounts ofLeonid
meteor stormqYeomans1981). Expectationare that meteorrates mayincrease
above 1 per second for a period of an hour or more around the timmlaif passage.
A once-in-a-lifetime opportunity for the study of cometary debristioicomposition
and dynamics, the interaction of meteoroidth Earth’s atmospherendthe upper
atmosphere’s chemistry and dynamics.

Historic accounts of Leonid stornamteback t0o902 AD. Duringeachreturn of the
comet,every 33oddyears, theencounter conditionwith Earth’s orbitare slightly

different due toplanetary perturbations of the cometbit. The cometpassed
perihelion again on Februar®8, 1998. Thepresent returnmimics encounter
conditions in 1866 and 1867, when rates increased to above 10,000 meteors per hour
for a short period of time. On the other hand, conditions also ddiffettoo much

from those during the 1932 return, when no meteor stormrepasted(i.e. volleys

of rates larger than 1/s).

The expected meteor ratbased ormeteor stream models (Wand Williams 1996)

and past observations of Leonid activity (JenniskE386, Brown etal. 1997)have
beendiscussed elsewhere a®ll as the orbitaldynamics of comeb5P/ Tempel-

Tuttle (Yeomans etl. 1996). In summary, both iNovember1998 and in 1999

there is a chance that a Leonid meteor storm will occur with peak rates up to 2,000 -
10,000 meteors per hour visible for a single visual observer under a clear dark sky.

During a storm, Earth crosses the outer regimes of the dust trail of comet P/Tempel-
Tuttle. The high flux allowsinprecedentegrecision incharacterizinghe dust trail

in terms of spatiabnd particle size distributions of dust graimmd allows the
measurement afomposition, morphologwnd orbits of individual cometary grains
relatively soon after ejection from the comet.

Whenthe meteoric mattesccretesnto the Earth’s atmosphere, new molecules and
solid particles aréormedthat are ofinterest to the origin of life, the interaction of
Earth and Space, and the issue of ozone depletion.

Leonid storm meteorare also unique probes ofthe upper atmosphere, notably the
mesopauseand lower ionosphere. Bright.eonids are first observed atl60 km
altitude and penetrate to about 85 km altitude. Most mass is deposited at altitudes of
98-102 km, higher than matter from normsporadic meteors. Theparcel of
atmosphere affected by the meteors caariadyzed bylidar, radar, andrariousother
techniques to reveagravity wave wind patterns in threalimensions, air turbulent
motions, metal atom chemistry, etc.

The Leonid showers will be studied from an airborne observatory in a Litiid
InstrumentAircraft Campaign, which will be a flyindaboratory for flash-heating
experiments on cosmic materials, high-velodigrentry dynamicsand reaction
chemistry experiments in the upper atmosphere. The techniques used rimistisn
will be mainly remote sensing imaging, spectroscoaigiranging techniques. The
present workcameforth from preparatorywork for this Leonid Multi-Instrument
Aircraft Campaign.
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Because otheir unique charactetthe upcomingLeonid returnsmay beappealing

also to researchers with little or no experience in meteor observing. For their benefit,
we here providébasic information about how thieeonid shower isexpected to
manifest itself. We will concentrate on information that can Igelijde an observing
strategyand isuseful for determining the observing locatiand time period, the
detection rate in a given part of the sky, the manifestation ofebaid meteors on

the detection devise (spectrautput, trail lengthangularvelocity, train diameter),

and the convergence angle for two-station imag@uipniques for a range afeteor-
station geometries.

We will mainly concentrate onoptical detection techniques. Ofourse, other
techniguesexist. For example, thenized train is aneffective reflector ofradio
wavelengths, @echnique used imadarobservations of meteors. Theedl not be
considered herbecause aextensive body of literature is availakfe.g. McKinley
1961, Mcintosh and Millman 1970).

2. Spectral Output
2.1. AT OPTICAL WAVELENGTHS

Meteorsare studied byemote sensing-Here, wewill concentrate orthe expected
optical and infrared output, wavelength regimes Hratassessable from thground.
Meteors radiate strongly also in the ultra-vickad perhaps asoft X-rays.Meteors

and trains are also expected to emit at submm wavelengths for which no information
is available. On the othdrand,radio emissions avery low frequencieshave been
detected.

The visual and near-infrared spectra of meteors inahgefrom 3500 A to 9000 A

have been studied by photographic slit-less spectroscopic techniquespetira are
dominated by electronitransitions of metal atomand ions. The moreintense
transitions that originate in the ground state of the neutral species can be used for the
measurement of neutratom debristrails by LIDAR through resonargcattering

(Kane and Gardner 1993).

The following 17 elements have been detected in meteor spectta: €, Na, Mg,
Al, Si, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Sand Zr(Borovicka1993; 1994).Most
easily measured arthe metallic ions Na, MgSi, Ca, Fe,and Ni. The excitation
conditions and elementalabundances can biaferred from relative line strengths
(Harvey 1973, Borovicka1994). Typically, a“cold” (4000-5000 K) component is
present, while a hot (10,000 K) component maydéectedvhen a shocldevelops.

A shock occurs whenthe particle is bigger than the mediree path of the
atmospheric molecules. Theld component has given information on Fe, Ni, Cr,
Ca, Mg, Si, Al, Mn, K, and Na, while the hot component also hags/en
information on Ti and H, with some meteoric component of N and O.

In Table I are listed the expected relative intensities of atomic lines in the range 3500
- 7000 A in Leonid meteor spectra. The intensitigate tothe meteohead and the
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sensitivity limit in the two models was set tacorrespond tothat of good
photographicrecords.One column gives the synthetic spectrum of a ri@gn.
Leonid, including both théot andcold spectral components. The other column is
for a Leonid of lesser brightnessz(+0 magn.), which has nalevelloped ashock.

In intermediate caseshe hightemperaturecomponent may be presehut with

lower intensity than listed here. Some close line pairs listed in the tables will not be
resolvable in real spectra.

Meteor spectra can also contain emission bands of meteoric metal oxides (FeO, CaO,
and AIO), hot air (N, O, ) andair fragments (), as well asbands of G and CN

from the organic material in the meteoroids. The orghaiwls are expected to be
prominent atearly stages of meteablation, above 120 km altitude. The hot air
bands are strongest in the 6300 - 6700 A region and tend to blend with than@l

at later stages in the meteoric process.

TABLE 1. Leonidspectrum in the near-UVl/visual/near-IRolumns list the line
wavelength in air (A), the expected relative linéensity for a -10and a +0 Leonid
respectively, and the line identification: the element, ionizadiegree andanultiplet
number. An asterix marks the spectral lines due to the hot component.

Wavelength Intensity Identification ~Wavelength Intensity Identification
A -10 +0 magn. (A) -10 +0 magn.
3513.82 25 Fel 24 3905.53 15 Sil 3
3515.05 4.0 1.8 Ni | 19 3906.48 2.6 Fel 4
3521.26 3.0 1.0 Fel 24 3920.26 6.0 2.9 Fel 4
3524.54 5.7 3.7 Ni | 18 3922.91 7.5 43 Fel 4
3526.04 3.3 1.4 Fel - 3927.92 8.1 4.9 Fel 4
3526.17 1.7 Fel 24 3930.30 8.6 5.5 Fel 4
3558.52 4.8 2.0 Fel 24 3933.67 16.8 314 Call 1
3565.38 7.5 6.1 Fel 24 3933.67 890.5 Call 1*
3570.10 8.7 10.8 Fel 24 3961.53 2.2 Al 1
3578.69 2.8 11 Crl 4 3968.47 156 228 Call 1
3581.19 9.8 16.6 Fel 23 3968.47 616.5 Call 1*
3585.32 4.2 15 Fel 23 3969.26 5.1 1.6 Fel 43
3585.71 2.4 Fel 23 4005.24 3.4 Fel 43
3586.98 4.0 14 Fel 23 4030.76 4.9 2.2 MRl 2
3593.49 2.3 Crl 4 4033.07 3.8 1.6 Mnl 2
3605.33 1.8 Crl 4 4034.49 2.6 1.0 Mnl 2
3608.86 7.8 6.2 Fel 23 4045.81 11.8 83 Fel 43
3618.77 8.5 8.1 Fel 23 4063.59 9.6 4.5 Fel 43
3619.39 4.0 1.6 Nil 35 4071.74 8.4 3.4 Fel 43
3631.46 8.8 9.3 Fel 23 4128.11 24 Sill 3*
3647.84 8.3 6.9 Fel 23 4130.96 3.3 Sill 3*
3679.91 6.3 3.7 Fel 5 4132.06 3.1 Fel 43
3687.46 5.3 2.2 Fel 21 4143.87 4.7 14 Fel 43
3705.57 7.8 6.0 Fel 5 4202.03 4.0 1.1 Fel 42
3706.03 9.0 Call 3* 4226.73 16.1 153 Cal 2
3709.25 6.3 3.0 Fel 21 4233.17 2.8 Fell 27*
3719.93 120 2338 Fel 5 4250.79 3.6 1.0 Fel 42
3722.56 8.0 6.1 Fel 5 4254.35 2.3 Crl 1
3727.62 6.3 2.9 Fel 21 4260.47 2.9 Fel 152
3733.32 7.3 4.8 Fel 5 4271.76 10.0 43 Fel 42
3734.86 116 191 Fel 21 4274.80 18 Crl 1
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Wavelength Intensity Identification ~Wavelength Intensity Identification
A -10 +0 magn. (A) -10 +0 magn.
3736.90 175 Call 3* 4289.72 1.3 Crl 1
3737.13 11.5 204 Fe 5 4294.12 1.9 Fel 41
3743.36 5.0 1.9 Fel 21 4300.05 1.6 Till 41
3745.56 10.7 15.4 Fel 5 4303.17 1.0 Fell 27*
3745.90 7.7 5.3 Fe | 5 4307.90 104 4.6 Fe | 42
3748.26 9.5 10.0 Fel 5 4325.76 109 4.9 Fel 42
3748.49 1.2 Fell 154* 4383.55 15.0 104 Fe |l 41
3749.49 10.9 14.5 Fe 21 4404.75 104 43 Fe 41
3758.23 10.0 10.0 Fel 21 4415.12 4.5 1.3 Fe 41
3759.29 6.4 Till 13 4481.24 38.4 Mg Il 4*
3761.32 5.4 Til  13* 4549.47 1.2 Fell 38*
3763.79 8.9 6.4 Fel 21 4549.63 1.1 Till 82*
3767.19 7.9 4.5 Fe | 21 4558.66 1.0 Crll 44
3787.88 4.7 1.7 Fe 21 4583.83 2.4 Fell 38*
3795.00 5.6 2.2 Fel 21 4629.34 15 Fell 37*
3798.51 3.7 1.2 Fe 21 4861.33 1.4 HI 1*
3799.55 5.2 2.0 Fe | 21 4920.50 1.8 Fel 318
3812.96 3.9 1.3 Fel 22 4923.92 7.1 Fell 42*
3815.84 9.1 5.6 Fe | 45 4957.60 2.7 Fel 318
3820.43 11.9 16.8 Fel 20 5018.43 11.0 Fell 42*
3824.44 9.1 7.6 Fel 4 5041.03 1.1 Sill 5*
3825.88 11.0 118 Fel 20 5167.32 115 3.0 Mgl 2
3827.82 7.5 3.3 Fe | 45 5167.49 3.6 1.1 Fe | 37
3829.35 10.3 3.2 Mgl 3 5169.03 7.2 Fe Il 42*
3832.30 141 6.9 Mgl 3 5172.68 238 8.6 Mgl 2
3834.22 9.4 6.8 Fe 3 5183.60 29.6 13.7 Mgl 2
3838.29 16.5 12.0 Mgl 3 5227.19 2.5 Fel 37
3840.44 7.9 4.1 Fe | 20 5269.54 9.5 4.0 Fe | 15
3841.05 6.4 2.3 Fe | 45 5270.36 1.8 Fel 37
3849.97 5.0 1.8 Fel 20 5275.99 1.3 Fell 49*
3853.66 1.0 Sill 1* 5316.61 1.8 Fell 49*
3856.09 9.7 Sill 1* 5328.04 6.6 2.5 Fe 15
3856.37 9.6 8.1 Fel 4 5371.49 4.3 15 Fel 15
3859.91 128 222 Fel 4 5397.13 2.3 Fel 15
3862.51 54 Sill 1* 5405.78 2.7 Fe | 15
3865.52 4.2 1.5 Fel 20 5429.70 2.7 Fel 15
3872.50 4.8 1.8 Fe | 20 5446.92 2.4 Fel 15
3878.02 5.2 1.9 Fe 20 5616.54 1.8 NI 24*
3878.57 8.9 6.4 Fel 4 5889.95 40.7  40.7 Nal 1
3886.28 111 124 Fel 4 5895.92 30.7 220 Nal 1
3887.05 3.9 1.3 Fe 20 6158.19 1.0 Ol 10*
3888.51 3.0 Fel 45 6347.10 12.3 Sill 2*
3895.66 6.6 3.4 Fel 4 6371.36 6.0 Siln 2*
3899.71 8.0 4.8 Fe 4 6482.74 1.1 NI 21*
3902.95 3.9 1.1 Fel 45 6562.82 6.7 HI 1*

2.2. AT INFRARED WAVELENGTHS

No spectroscopic information has been published on meteors or meteor trains in the
near-infrared (1-3 micron), mid-infrared (3-20 micron) or far-infrgf2@200 micron).
However, only 1 % of kinetienergy is emitted asear-UV andVisible luminosity

(the “luminosity efficiency” for various detection techniques). A fraction of the
remaining kinetic energy is expected to be lost by heating of the air imeteoroid
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path. The column of hot air iexpected tacool by radiation escape (bound-bound,
free-bound,and free-freetransitions). Inaddition, dust from meteoricebris and
recondensegapor is expected toemit an emission continuum that may partially
overlap the continuum of other sources.

In order to evaluate the expected infrared emission of maBaos, emissiorspectra

of shocked air have been calculated from thermal equilibrium models. The models are
expected taapproximate the emission from long lasting persistent ties they

have expanded to astate of pressure equilibriumwith the surrounding air(1-2
minutes after a bright enough meteor has passed). For a fast Leortemgesature
directly behind the shock was found to increase to closendlian K. The column

of hot air will rapidly expand topressure equilibriumvith its surroundingswhich

will cool the air. Here we present tlspectra of shockedir at relevantemperatures

of 3000, 4500and6000 K. A pressure of P ©.00991 Pa waassumed at 95 km
altitude. A chemically active initial atmospheric composition of ®,: C: H with

mole fraction 0.788:0.21:0.001:0.001 waassumed. Ateach temperature the
equilibrium composition of the mixture giressure P wasomputedusing the
NEQAIR2 code (Laux et al. 1995). The product molecular species incorporated in the
calculations are all those important either by their mole fraction or by their emission
intensity. The total number density is n = P/KT and mole fractions are listebla

[I. The model considered transitions of CN (Red); ldeinel), NO (X-X, C-A, D-

A, F-C, E-C, E-D, H-C, H-D, H-C, H'-D), CQX-X), and CQ (ny). The resulting
theoretical spectrum, parts of whiareshown in Figures 1, wasonvolved by a
triangular slit-function that reproduces the 0.0016 micron resolution of a Fabry-Perot
spectrograph.

TABLE 2. Composition of shocked air in thermal equilibrium at 95 km

Component Mole fraction* Component Mole fraction
3000 K 4500K 6000K 3000 K 4500K 6000K
€ 2.2e-6 4.5e-4 4.9e-2 0 9.1e-6 3.5e-9 8.9e-11

CO 8.2e-4 1l.4e-5 1.0e-9 C 6.7e-14 1.2e-4 4.3e-4
N* 1.4e-12 1.8e-4 3.7e-2 H 8.9e-13 3.1e-7 3.2e-5

N, 6.4e-1 7.3e-3 8.8e-6 NO 2.8e-4 2.0e-6 2.0e-8
OH 1.8e-8 1.6e-11 5.8e-13 @) 3.4e-1 2.1e-1 1.9e-1
C 5.5e-9 3.7e-4 5.0e-5 CN 2.8e-10 4.8e-8 3.6e-11
H 8.2e-4 5.0e-4 4.4e-4 N l.le-2 7.8e-1 7.le-1

NH 2.8e-11 1.0e-11 7.5e-13 NO 2.2e-6 3.2e-5 2.2e-6
N, 1l.4e-12 1.3e-7 8.0e-8 O 3.2e-10 1.1e-4 1.2e-2

*)totaln 2.4e+18/1.61e+18/1.2e+183m

We find that the dominant emission at 3000 K is from the Nftared transition
(Fig. 1a). The CNRed bandmay also bedetectable(Fig. 1b). Other bands are
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neglegible. At 4500 K, the N Meinel band dominates the spectrulffrig. 1c),
while the CN and Nbands are stronger and atomic lines of N and O are starting to
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Figure 1 a(left). Theoretical near-and mid-IR spectra of shocked air ithermal
equilibrium at temperatures &000, 4500 Kand6000 K. This detail shows part of the
fundamental vibrational band of NO anticron and the first overtone.

Figure 1b (right).  As Fig. 1a. This detail shows the &d¥dbandandthe N, (1+) band
at 3000 K and 4500 K.
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Figure 1c. As Fig. la. This detail shows the N2+ Meinel (1-) band580 K,andlines
of neutral O and N atoms

Figure 1d  As Fig. 1c - for T = 6000 K.

become detectable. At 6000 K the spectrum is dominated by N and O linedd}ig.
and the spectrum has weak contributions from tjieMi¢inel and N(1+) bands.
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The bound-free continuum radiation wast evaluated The free-freeradiation comes
mainly from free electrons interactingvith neutral atoms in ouemperature range.

At 1 atmospheric pressure and temperature approa8biid<, measuremen{taux

et al. 1995) show that th&ee-free emission is of theorder of magnitude or
smallerthan théound-boundadiation. Howeverfree-freeemissionscaleswith the
density of electrons times the density of atoms, hence with density squared, while the
bound-bound radiation scales with the density of atoms only. Since at 95 km we are
6 orders of magnitudbelow atmospheric pressummdtaking into accountthe fact

that the moldraction of electrons is abodi00 timeslargerthan at 1 atmosphere,

we conclude that the free-free emission at 95 km altitude, below 10,000 K, will be at
least four orders of magnitude weaker than the molecular and atomic emission.

The far-infraredspectrum isexpected to be dominated liye emission of Ol at 63
micron because othe high abundance ofatomic oxygen. This is a potentially
important cooling line. Nanolecularbands are expected to besigng. Thedust
continuum emission is expected to peak at longer wavelengths when the dust cools.

2.3. VLF EMISSIONS AND SHOCKS

Of some interest are also reported emissions of meteors albovwemnadio frequencies
(VLF). These electromagnetiignals with audible frequencieare thought to be
generated during fragmentation of meteoroids big enough to develop a ahdake
resulting suddenexpansion of the meteoric plasma. TViEF signals have been
linked to audiblehissing sounds (electrophonic noisett)at can be created by
transduction of the electromagnetic signals in the environment of the w{iemss
1993). Electrophonic noisemetypically heard atthe same time that the meteor is
seen. Howevelthere is nostrongevidencefor a directlink at presentand no such
records exist for Leonid fireballs.

Note that Leonid fireballs do not penetraepinto the atmosphere (seleelow) and

their shock waves are thought to not penetrate deep into the Earth’s atmadpbgere
because the excess pressure created by the flash heating along the fireball trajectory is
quickly lost by radiative cooling and upward gas flow. No sdiiomsare expected

to be heard at the ground. However, attempts coulchdme tomeasurehe possible
penetration of shoclvaves to lower altitudes for Leonfiteballs from aircraft and

high altitude balloons.

3. Meteor magnitude distribution and meteor flux
3.1. METEOR MAGNITUDE DISTRIBUTION

The intensity (1) of a meteor at a given wavelength or in a spduztnal is expressed
in magnitude (m):

m=-251log (1) 1)

Hence, adecrease inntensity by afactor of 100 corresponds to a change of +5
magnitudes.



Earth, Moon & Planets 80, 311-341. Preparing for the 1998/99 ¢
Leonid Storms

The cumulative distribution of magnitudes is shown in Figure 2a. magnitude
distribution index (_) is the number ratio of meteors of magnitude anéllm, after
correction for detection efficiency (Jenniskens 1994):

= n(m+1)/n(m)
@
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Figure 2a. The Leonid cumulative flux at the peak of a storm with ZHEFO;000, on top
of a 1997-like outburst rich in bright meteors. Dotted line is the sporadic backgfiound
compiled by Ceplecha (1992).
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Figure 2b. As Fig. 2a. The mass per magnitude interval of Leonids and sporadic meteors.

For the visually observed Leonids during past meteor stgrms3.0 (Mcintosh and
Millman 1970, Jenniskens 1993jence,with eachbrighter magnitudeclass, the
number of meteors drops by a factor of 3.
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Fig. 2 comparegherate of Leonids avarious magnitudesvith the meanyearly
sporadic meteor influx compiled by Ceplecha (199Z)otted line). The typical
magnitude distributiorindex of sporadieneteors at visual magnitudes s = 3.4
(Kresakova 1966).

For meteordfainter than about8, the Leonid meteorbrightness distribution is
expected to level off (Hajduk 1986). During the 1966 storm, a valye ©fL.9 was
found by Simek and Mcintosh (1968) from higbwerradarcounts of meteorsear
the detectionlimit. That limit is at about m = +12 to +14 magior sporadic
meteors, but probably lessr Leonids. Hencethe turnover may be as shown in
Fig. 2a, but could also be at somewhat lower magnitude. Wt affect the rate
of faint meteors. If this distribution is correct, thenlteonid flux will be orders of
magnitude over the sporadic flux for all meteors brighter than +16 magnitude.

For very small particles<<10 micron, the distributiorshould fall off steeply
because small enough particie® thought to be blown out of the stream tiyect
light pressureandsolarwind corpuscular pressure. Qonger timescales, the small
particles in a strearare also depleted bythe Poynting-Robertsoaffect, by impact
erosion, collisional fragmentatiomorpuscularsputtering, (e.gHajduk 1991) and
thermal stress. On the othéand, some of thesegrocesses can generaeall
particles, which might steepen the size distribution.

At some high mass, the distribution should fz#fl too. Theupperlimit is set by
the largest boulders that can be lifted off the comet nucleus by the evapuoring
(Whipple 1951). That uppdimit is thought tocorrespond taabout -12 magn. (20
cm) for the comet’s nucleusdius of R =1.8 km (Hainaut etal. 1998),andscales
with R It is not possible, tmbservethe magnitude distributionlown to -12
magnitude from one given location on Earth. The local horiimits the effective
surface area that is monitored. At the Earth’s surface, that limits the brigbtasd
that can be expected over the cause of the storm to about mag8itustethe same
time about 4 meteors of -8, 13 of -7, 39 ofad 280 of -5can be expected. Of
course, at any given site brightezonidsmay beobservedncidentally if they are
present in the stream.

3.2. MASS DISTRIBUTION

The calibration of mass (Mgndluminosity (m) isuncertain.Jacchia etl. (1967)
derived a relation:

log M (g) = 5.15 - 0.44 * pp- 3.89 log \, (km/s) - 0.67 log (sin(hr)) 3)

with hr the radiantaltitude, \V, the apparentvelocity and m,, the photographic
magnitude of the meteor. A cologorrectiondescribedthe definition of my, in
comparisson to visuahagnitude (r): m, = 0.71 my, + 1.30over the interval for
which these relations are derived (-0.5 5 2.5 magn.). This translates to:

log M(g) = 6.06 - 0.62,m 3.89 log \,, - 0.67 log (sin(hr)) (4)

However, the0.62 dependence is aminlikely artefact of achanging physical
mechanism of ablation in the smatlagnitude rangevherethe relationship was
determined, where it changfem collisional to shocknduced. Over avider mass
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range, we assume thliminosity is a constarftaction of kinetic energy. Ignoring
the altitude dependence (assume hr%: 45

log M (g) =log M(0) - 0.4*m (5)

with M(0) = 0.07 gram for Leonids. For sporadic meteorser@ magnitude meteor
is about 5 gram if we assume the meaparentvelocity from thesporadic meteor
distribution weighted by kinetic energy (i.e,, ¥ 25 km/s, McDonnell et al. 1996).

3.3. METEOR FLUX

The curves in Fig. 2a give the cumulative incident rate of meteors on?asurface
area of the atmosphere per second ugh&given limitingmagnitude. Thesporadic
flux curve is a compilation of Ceplecha (1992), LoveB&wnlee(1993)and recent
Eureca data bycDonnell et al. (1996)and consistent with the visuadporadic
meteor flux of Jenniskens (1994).

Leonid showerfluxes are usually expressed inZenith Hourly Rate (ZHR), the
frequency of meteors visible bystandardvisual observermunder dark andlear skies
with star limiting magnitude Lm =6.5. Convergence factorSom ZHR to other
measures of influx are (Jenniskens 1994):

F(0) = ZHR * (0.4 + 09/ (30 * 7.7x10° * 3600) (6)

Hence, for ZHR = 10,000 we have F(0) = 2.6 x*31feteors $m 2 magn', when
the radiant of the shower is in the zenith.

TABLE 3. Cumulative number and mass influx

Leonid storm Sporadic Background
m, diameter flux ~mass  diameter flux mass Technique
Leonid  Total storrh Sporadit Daily Sporadit
magn. (M) (kg.m? (m?d  (kg.m?.day")

< -4 2cm 4e-10 2e-11  9cm 2e-11 1.3 e-lfireballs

< 0 06cm 2e8 2e-11 3cm 2e10.4 e-10 photography
<+5 1.1mm 5e6 4-11 05cm 6e-8 15e-10 visual
<+8 04 mm le4 B11 2mm 2e-6 2e-10 video

! Spherical grain with dopted density: 0.5 gilaqilog(m(g)) = -4 to +1), 1.0 g/crni8 to -
4), 1.5 g/cm (-8 to -11) (McDonnell et al. 1996; Millman 1973).

? ZHR,,=10,000 (0.7h Teff), background ZHR= 1500 (3.5h Teff)

¥ Assumed: magnitude 0 meteor = 0.07 gram (Leonid) or 5 gram (sporadic, with average 25
km/s entry velocity). Also: mass ~ fif

* in absence of impacts of masses<m12 magn.

® 7e-10 (Millman 1975).
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<+13 100um 8e-3 9e-11 400m 1e-3 3e-10 radar
<+18 20um 6e-2 9e-11 8gm 0.2 5e-10 IDP
< +25 2um 09 9e11 &m 4 5e-10  spacecraft

Now, the rate of meteors in any other interval of one magnitude inatige-10 <
m < +6 is calculated from:

F(m) = F(O)"
™

The cumulative flux up to a given brightndsgit is summarized in Table 3. To
make comparisson witBporadicinflux easy, weintegrated ovethe whole Leonid
storm profile, assuming ZHR, = 10,000and anequivalent duration 00.7 hours
for the mainpeakand ZHR,,, = 1,500and anequivalent duration 08.5 hours for
the backgroundFig. 3 - see below). Thesporadicinflux is expressed as a daily
influx and strictly is the mean yearly influx to Earth.

What makes thelLeonids biggerthan life is theincrease of rates atisual
magnitudes. A factor of 1000 increase in the meteor flux transforms the stiomer
a dull spectacle to ammpressive event. That relativecrease influx is present for
all magnitudes < +7magn., and perhaps ashigh as <+16 magn. Theelative
increase in rates ikess striking forfainter magnitudesNote, however, thathis is
not true for the subclass of sporadic meteors wjth>\b60 km/s, which is lesthan
1% of the total. During a storm, that fraction will increase significantly.

The storm does not last very long, with only about 39@@@ivalent duration, and
the flux will fall below sporadic ratesor fainter magnitudeslntegratedover the
whole flux profile, the meteor flux over all magnitudesl be only equivalent to 5
hours of sporadic rates. However, the rate of observable metewoisuay observers
(mv < +6 magn.) isquivalent t02000 hours ofporadicactivity. The number of
fireballs (mv < -4 magn.) is equivalent to 460 hoursspdradicactivity. Moreover,
many of thesd.eonid fireballs havelong-lasting trains, at much highabundance
than sporadic fireballs.

Figure 2b shows the incoming amount of matterdachmagnitude intervalMost
matter isexpected tacome in at about10 magnitude (200 micron grainsJhat
puts the maspeakwithin the range ofinstrumental techniques. Tisporadicmass
peak, on the other hand, peaks at about magnitudes (150 micron graindelow
the limit of existingradartechniques.integratedover the whole flux profile, the
mass influx ofLeonids equal®nly about 4 hours oporadicmeteorinflux. That
matter of mainly +10magnitude Leonids isleposited atltitudes betweed03 and
98 km. This is about 15 km higher in tlaémosphere than the ablation of +16

® 9e-5 (Love & Brownlee 1993, Griin et al. 1985).

70.06 (Millman 1975); 0.17 LDEF (McDonnell et al. 1996)

® 4.3 Fechtig (1973); 0.5 (Love & Brownlee 1993); LDEF: 6 (McDonnell et al. 1996)
° 2 e-10 for mv > 10 (Love & Brownlee 1994) - we have 4 e-10.
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sporadic meteoroids, whose matterdeposited inthe range85-90 km. Thepeak of
the sporadicneutral atomdebris layer isusually near 893 km. This makes it
possible to follow the deposition of a neutral atdebris layerandits evolution in
time, especially for those neutral atoms that have a lifetime of 4 hours or less.

4. Visibility of the storms
4.1. THE RADIANT AND ORBIT

All meteors will movenearparallel in verysimilar orbits (Table IV) before entry

into the atmosphere. Hence, all meteor trails at a given time are parallel paths in the
atmosphere, with an orientation movingway from the celestial equatorial
coordinates Right Ascension (RA) = 153.63+0.11, Declination (DEC)
=+21.97+0.03 (J2000). Thatirection is calledthe radiant ofthe showerand the
radiant of the Leonid meteors is in the head of the constellation of Leo.

The Leonid radiantvas measuredduring the 1995Leonid outburst (Betlem et al.
1997). This position strictlyefers tothe “Leonid Filament”, aone-day wide dust
structure rich in bright meteors. The meteor stoares due to alifferent, more
narrow structure, a 1-2 hour wide dust sheet rich in faint meteors. The rsidiamt

is expected to be less than a few tenthdlegfreefrom this position,however. Note

that the radiant is not fixed with respect to the stars, but shifts by +0.99 °/day in RA
and -0.36 °/day in DEC due to the curved path of the Earth around the Sun.

TABLE 4. Orbital elements of Leonid meteors and the parent comet (J2000).

q 1/a e i w Q
(AV)  (AV) ) ) )

Comet 55/P T-T*  0.977 0.097 0.905 1625 1725 235.258

Leonids 1995** 0.984 0.068 0.933 162.2 172.6 235.22
+0.000 +0.027 +0.027 +0.1 +0.4 +0.29

Annual Leonids 0.985 0.067 0.934 1625 173.1 235.6
+0.002 +0.088 +0.086 +*0.9 25 1.1

Notes: q = perihelion distance, a = semi-major axis, e = eccentricity,

i = inclination,w = argument of periheliorf) = ascending node, equinox J2000.
* Epoch 1998, March 5.0 UT.

** Cluster of Leonid orbits observed during 1995 outburst (Betlem et al. 1997).

The pre-atmospheriapparentspeed ofLeonid meteors is Y = 71.7 £ 0.5km/s.
The observed speed isimilar, becausethe deceleration inthe period before the
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meteoroid is completely evaporated is modest, with V <V> / <V> of order0.2-
1.5% for meteors of magnitude 0 to -4, and less for fainter meteors.

The dispersion in theggarameters iexpected to b&ery small, perhaps reflecting

only the ejection velocities. In that case, the dispersion in speed could be as small as
AV, < 10 m/s,andthe dispersion inradiant assmall as DRA < 0.01°. A -1
magnitude meteo3(= 3. 10% is thought tohave an ejectionelocity of about 7

m/s.

4.2. THE INFLUX OF METEOROIDS

Figure 3 shows how théeonid flux is expected tovary duringthe night of
maximum activity in the best afircumstanceshased onthe performance of the
Leonid stream in past returns (Jenniskens 1996).

The times ofFig. 1 refer tothe return in1998. Thepeak ofthe Leonid storm is
expected to occur around the time of passage of the comet node, which will happen

10000 L
ZHR f

1000 |

100 ¢

time (UT)

Figure 3. Theexpectedvariation of themeteor rates during the Leonid storm 1§98
(1999: about +6 h)for an assumed peatenith hourly rate oZHR =10,000 (best case
scenario) and a peak at the time of passing the comet node.

at 19.7 h UT on November 17, 1998, and six hours later in 1999. An uncertainty of
at least + 2 hours should be allowed for, perhaps as much as 17-23h UT.

The activity profile of the Leonid storm in Figure 3 consists of two components: a
main peak and a background. The relative contribution of both has variedpaghe
with a strongbackground in1866 and 1901 and analmost absenbackground in
1966. Theshape of the activitgurve isexpected to besimilar in both 1998 and
1999, although the peak rate and time of maximum will vary.

If the peak rate is ZHR = 10,000, then it follows from Fig. 3 ttaaes in the main
peakmay be abovd,000 per hour forl.6 hoursand above 100 per hour for 3.3



Earth, Moon & Planets 80, 311-341. Preparing for the 1998/99 1t
Leonid Storms

hours. If thebackgroundcomponent returns as strong agetected inthe past,then

rates could be above 1,000 per hour for a period of about 4 hours. In comparison, the
normal sporadic rate is 10 penour and the most intense annual streaftie
Quadrantids) has ZHR = 130 (Jenniskens 1994).

4.3. THE APPARENT FLUX

When selecting an observirgite, one has t&eep in mindthat the storms do not
last very long. The best locations dBarth iswherethe radiant is high above the
local horizon at the time of the storm and where it is still night time.

The observedflux of meteorsdepends orthe angle ofincidence ofthe meteors,
which is the radiant elevation (hr) above the horizon. Best flare®bserved when
the angle ofncidence ishigh. If the meteorarenot coming from the zenitthr =
90°) but at an angle hr < 90°, then the flux is diluted ovierger surfacerea of the
atmosphere, and the observed hourly rate (HR) is:

HR = ZHR * sin(hr) (8)

e e T T T T ]00%
80 - Wake  Guamn  Manilla  Bangkok 7 98%

82%
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16 17 18 19 20 21 22 23 24
time (UT)

Figure 4a. Visibility of Leonids in 1998 from locations at around latitude +20N
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Figure 4b. As fig. 4a. For locations at about latitude +50 N

with y=1.0. The observed flux is also dependent on the increase of trail length and
apparent angular velocity and decreasing meteor brightness with incrgsivgich
causey to be typically larger than 1. For fast Leonigsnay be in thaangel.0 -

1.8 (Bellot Rubio 1995). We will adogt= 1.4 as in Jenniskens (1994).

Figures 4a and 4b are two examples of how observing conditionsvithryatitude
andlongitude. The figures show the altitude of ttaeliant aroundhe time of the
predicted return for various locations+0 N and+50 N latitude respectively. The
right axis gives the radiant altitude, while on the left axis is given to what level the
incident ZHR is diluted. Aeachlocation, the visibility is limited by the time that
the radiantrises above the horizaamdthe time that theshower islost at dawn,
which for most purposes is the beginning Nhutical twilight. If the meteor
observing technique allows daylight observations, then the observing interval
extends into daytime until the radiant sets around local noon (+20 N).

We find that if the peak is at 19.7 h Whdthe observer is at20 N latitudethen
the radiant will be below the horizamestward ofMaskat, while the storm will be
lost in daylight for locations west of Guam. At each location, the obsemiagyal
will only be about 5.5 hours. Goinfurther north (+50 N) will increase the
observing intervabecausehe Sun rises later, but theverage radiandltitude is
lower (also, north of Beijing thground temperature igxpected to dropbelow
freezing at night). Going further south than +20 N is reebmmended, because it
will not only decreasethe meanradiant altitude, but it will alsodecrease the
observing interval. A different perspective is given in Fig. 5, which shows&ahih
as seen from thperspective of approaching Leonid meteoroidghat time of the
nodal passage.
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Figure 5. The Earth as seen from thpproachingLeonid meteoroids at the time of the
nodal passage in 1998 and in 1999

4.4. ATMOSPHERIC CONDITIONS

In many situations, the visibility is also limited by the logadatherconditions,

which will not bediscussedere. It is sufficient to say thddovember weather is
notoriously bad atmost parts of thélorthern Hemispherand it is impossible to

find a ground-based observing location which guarantees clear weather. It serves as a
warning that during the previous return in 1966 all professional attemjutsliéast
datafrom ground-baseabserving sites (in the U8nd Canada) failed due tuch
unforeseen weath@onditions(except forradarstudies, that is, whichre generally
unaffected by clouds).

Of concern are also cirrus cloudsdother forms ofhaze(fog, smog). Scattering of

light by ice crystals, water droplets or dust increases the total extinction in any given
direction abovethe amountcaused byRaleigh scattering off theatmosphere’s
molecules. To illustrate the magnitude of @féect, it suffices topoint out that a
decrease of one magnitude in the transparency of the atmosphere ndearease by

a factor ofy (~3.0) in the number ofbserved_eonids, whereby is the magnitude
distribution index.

4.5. THE MOON.

Moonlight also lowers the rate of observed meteors for many optical observations by
increasing the sky background brightnassl, thereforegecreasinghe starlimiting
magnitude. Fortunately, theearnew Moon (28days)will not disturb in 1998,

while a first quarter Moon (10 days) in 1988l set shortly after the radiant of the
stream rises above the horizon.

The brief interval with high meteor rates and a Moon above the horizon may allow
direct observations of impacting Leonids on the Moon in 1999 for locations that are
west of the night-time part of Fig. 5. Effects on the Moon’s sodium atmosphere
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might be seen in the days following the Leonid storms. In 1998, that would demand
observing the Moon at low altitude above the horizon, which will need clear
atmospheric conditions. In 1999, the Moon can be observed at selected locations at
the time of the event.

5. Manifestation of Leonid meteors on the sky
5.1. METEOR RATES

We will now turn to how thd.eonid showemanifests on the sky. Thaeumber
density of Leonids orthe sky in acertainviewing direction is determined by the
effective surface area for a given field oéw, andthe decrease ofmeteor brightness
due to atmospheric extinction and due to the distance between viewer and meteor.

The distance(d) to the meteor level at height H in a viewimdiyection h degrees
above the horizon, for an Earthdius R =6370 km and a curvedatmosphere
(Koschack and Rendtel 1990):

d=R+Hsin (arccos ((Rcosh)/(R+H))-h)/cosh 9)

The increase of rates for an increasing effectivdace areper square degree on the
sky is proportional to:

n(m) = F(m) (cfH) (10)
Typically rates change with changing apparent magnityag: (
n(m) = FGm)*" 11)
The decrease in brightness due to distance is:
m\= - 5*%og (d/H) (12)

The extinction correction includes Raleigh scattering) (@ndscattering by dust and
ice particles on hazy days,jk Typically (Siedentopf and Scheffler 1965):

mh= (k + ky) / sin (hr) (13)

where k is the extinction coefficient. k is wavelendtdpendentfFor extremelyclear
weather high in the mountain, & 0.099and k = 0.024,hence k =0.123 at 5500
A, relevant to visual observations (Sidgwick & Muirden 1980).
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Figure 6 (top, left) shows the resulting distribution of meteor rates n(m) oskihe
in arbitraryunits. These diagramare to beread adollows. Each number is for a
viewing direction differing by 10° from the neighboring positions. Theenter
number is that for the zenith, the point straight above the observer.
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Figure 6. The number density of meteors in arbitrary units for viewing directitiffering
by 10° on the sky. From top to bottom: total extinction k = 0.123, k = 0.40 and k = 0.84

From Fig. 6 it follows that invery clearconditions, the number density wfeteors

on the sky is almost constant for viewing angles above 30° elevation, falling to only
32% of the flux in the zenith. If observing conditioase not perfect, k quickly
increases. For a clear day at the ground, for exampte0QKiL18 at 5500 A, while for

a day with slight haze k= 0.236andfor a very hazyday k; = 0.471. From top to
bottom is shown how theneteor distribution on the skghanges as &esult of
increasing hazy condition®Vhenthe amount ohazeincreases, the highesteteor

rates are seen higher in the sky.

The total extinction alsearies strongly as a function of wavelength. Typically, k
decreases with increasing wavelength in the viandl near-infraredyut can behigh

in wavelength rangewhere atmosphericbandsabsorb. The higher thexpected
extinction, the more the observing strategy demands a high aiming point skythe

For example, for photographiechniquessensitive to emission in thaear-UV,
where the meteors are bright, the relative wavelength is about 4000 A. At 4000 A,
Raleigh scattering is as intense as=k0.367 while dust extinctioadds Ik = 0.036,
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or k = 0.40. Figure 6 (right) shows the resulting distribution of rfenthe same
observing conditions as above.

5.2. TRAIL LENGTH (METEOR DURATION)

The meteor trail length is of interest in imagitechniques, becaus®r many
purposes it is necessary ¢apturethe whole meteor train in thield of view. The
trail length also determines thietection efficiency aény given part of the sky: by
suitably orienting the field of view with the short axisvardsthe radiant, one can
maximize thedetection efficiencyAlso, the trail length idirectly proportional to
the duration of the metedbecausehe deceleration othe meteor issmall. And the
duration of meteors affect the accuracytted velocity determination imulti-station
imaging. Typically, the longer the meteor persists, the raocaratelythe velocity
can be measured.

The measured trail length is a function of the detection thresholditf&d for video
and photographic observations. The beginning of the trafféstedmostly. That is
because the meteor intensity increases gradually, while fading relatively rapidly.

We obtained measurements of Leonid trajectdrias both photographiand video
techniques duringhe 1995Leonid return (Betlem e&l. 1997). 22 meteoraere
photographednd 13 wergecorded byimage intensifiedvideo systems. Figures 7a
and 7b summarize the height of beginnarmgl end ofthe trajectory as a function of
zenith distance of the radiant (Zr = 90° - hridabsolute visuamagnitude(m). The

two effects were deconvolved by correcting the heights to the Isqfit value at m = 0.0
and cos (Zr) = 1. It is these values that are shown in Fig. 7.

We find that photographic and video techniques result in the dapsmdence of the
end height as a function of brightness and zenith distance:

He=93+13m (14)
He = 93 - 6.0 sin (hr) (15)

The beginning height is a strong function of meteor brightness inidiee records,
but much less so in the photographécords.The beginning height afmagnitude 0
meteors in thevideo record isabout 35 km higher than in the photograpteicord.
The lattertechnique ismuch less sensitive, implying thatonids brighten very
gradually, but fade rapidly.

Of particular interestre also thevideo observations of two bright 1996eonid
fireballs of -7 and -4 magnitude by observergta Nippon MeteoSociety, which

had abeginning heightaround160 km. This is consistent with thabservedtrend
here(Fujiwara et al. 1998). That implies that the frdhge of meteor atmosphere
that can be studied by Leonicheteors is betweed60 and 85 km! The high
beginning heightareonly understood ifsome material issputteredthat has low
sublimation temperature (e.g. kerogens or amorphous carbons). ldpectoscopy

of these high altitude emissions offer an opportunity to study the organic component
of meteoroids. Although the beginning height is differentfideo and photographic
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meteors, we find that the duratioft() of the video and photographic meteorsave
the same dependence on the zenith distance of the radiant (Fig. 8):
t A sin (hr)y-*0! (16)

Hence, the duration of Leonids is a factortwb larger if the radiant is at32° than
when the radiant is in the zenith, a factor of 4 at 16°, and a factor of 8 at 9°.
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Figure 7a. Thebeginning and endheights ofLeonid meteors as a function of Leonid
meteor magnitude (for a radiant in thenith). Closedsymbols: photographidata;open
symbols: video data. Dashed lines are least-squares fits through the data.

Figure 7b. As Fig. 7a. As a function of the zenith distance of the rad#&mnt 90° - hr),
for Leonid meteors of magnitude 0.
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Figure 8. The duration of Leonid meteors as a function of zenith distance.
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With the above relationships for thend height, wefind that the trail length of
magnitude 0 meteors (photographeddmall 35 mm f1.8/50mntameraswith 400
ASA black and white film) is given by:

| = 15.0° sintHf a7

while the variation as a function of viewing anglad radiantaltitude (hr) is shown

in Fig. 9. The radiant is in a direction right of center in these plots. The trail length
of Leonids at other magnitudes observedwith video instead of photographic
techniques scales according to dependencies in Fig. 7.

The trail length typicallyincreases further awdyom the radiantand further away
from the horizon. The longest traitge measuredhen theradiantaltitude is about
30 degrees, not far from the zenith in a direction opposite the azimuth dihat.
The trail length typically decreaseswith decreasingbrightness of themeteor
(increasing magnitude).
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Figure 9. Trail length (left plots) and the angularvelocity (right plots) of Leonid
meteors as a function of the viewing direction in the sky for various radiant altitudes

5.3. ANGULAR VELOCITY

Of particular interest is also the angular velocity of teenids in various viewing
directions. The angular velocijetermineghe time the meteor signal crosses one
pixel on a detecting element.
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For a trail length | (km), distance to the meteor level d (&ng anangulardistance
from the radiant De:

w=1/sin(l) *v,/d *sin(De-1) ~ 57.3°*71.7*sin(De-1)/d (18)

where Defollows from (for azimuth viewingdirection az, and azimuth of radiant
azr):

cos De = sin hr sin h + cos hr cos h cos (az - azr) (19)

Even though all meteors enter at around ¥ 72 km/s, theangular velocity of the
meteor on the skyaries considerablyNot all meteorsappear “veryfast”. When
viewing in a direction towards the radiant, in a direction De = 0°, the metems
towards the observeandappear as @oint source. Close to thradiantthe meteors

are foreshortenednd move at a veryjow angularvelocity. Meteors low on the
horizon are far from the observandthey tooappear tomove relatively slow. The

radial velocity peaks for viewinglirections close to De 80°. The right figures of

Fig. 9 give the radial velocities (in degrees per second) calculated for an end height as
shown in Fig. 7, and a trail length as indicated by the duration in Fig. 8.

Note that for some applications viewidgections perpendicular tthe radiant are
preferred(e.g. astrometry for highest positioreaid velocity accuracy),while other
techniques benefit from observidlirectly towardsthe Leonid radiant(e.g. radar and
LIDAR ranging techniques).

6. Manifestation of persistent trains
6.1. NATURE OF PERSISTENT TRAINS

The Leonidsare uniqueamong meteor streams by tlaege number ofong-lasting
persistent trains that are produced. Leonids of magnitude -4 or bragatarown to
produce such trains (e.g. Baggaley 1978). One -6 Leonid produced the train shown in
Fig. 10, which wasobserved duringour 1995Leonid campaign over California
(Betlem etal. 1997). The train was visible byakedeye for 6 minutes after the
meteor had vanished.

During aneffort to observesuch alLeonid train using the CATtelescope aESO,
LaSilla, in November1996, weobservedthe following brightness evolution of a
train thatoccurredalmost in the zenith. First, theaeteor persistent trairapidly
decayed fromabout +1 to +3 magnitude in about 10 seconds.érhissionduring
this decay isprobably due to the greenforbiddenline of oxygen Ol at 5577 A
(Borovicka et al. 1996). During this phase, the tnapidly expandslue tothermal
expansion until itachieves pressurquilibrium with thesurrounding atmosphere.
During expansion, onean observesome wrinklingandsmall scaledistortions due
to instabilitiesandturbulence. Any structureapidly fadesinto a diffuse beam of
light that splits in twoparallel beamsThis is the stagaherethe emissiordecay
halts and stays constant for as long as 6 minutes for a -5 Leonid, up to halfiran
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or so for brighter Leonids. Finally, the train intensstyddenly dropsndevenwith
binoculars no trace can be observed after this collapse.

Figure 10. Long lasting persistent train observed in California on Novembefd 985.

The meteor appeared at 11: 45:22 UT. A persistent train was visible with the naked eye for
6 minutes. The train was photographed in a series of 1-minute exposures starting at
11:45:59, 11:46:59, 11:47:59, 11:49:06nd11:50:05 UT, followed by afive-minute
exposure starting d1:51:06 UT. Note the 2-beam (hollow) structur&he inset shows

the same meteor photographed from a different location.

Hence, during the persistent phase the meteor agmearsollow. The intensity is
not centrally condensedThe mechanism that keeps the tréiminosity high for
such long period of time must involve turbulence or diffusiomaif air in thetrain
and aninteraction with thesurrounding atmosphere. It thought that metal ions
may catalyze the reduction from O andt®O,: O;+ M> MO + Q, and O + MO
> M + O, (Poole 1979,Baggaley 1980, Hapgood 1980), but there is no
spectroscopic data to confirm that. It is this mechanism that is responsibi@gor
of the visible luminosity. One low-resolution Perseid train spectrudisisussed by
Borovicka et al. (1996).
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6.2. DETECTION OF PERSISTENT TRAINS

The detectability of a persistent tradepends orihe surfacebrightness. A train in

the zenith of a meteor of shallow entry angle hasirfacebrightness of about 13

magn/square arcseconds, orvigual magnitude of about-3.

Hapgood (1980)

observed drain with avideo cameraensitive to abroad band inthe near-Infrared
between 700 and 900 nm and obtained a line emission rate'2phbfons 3 m™.
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The expected dependence of train surface brightness as a function of \dewedtign

is shown in Fig. 11. It is taken into account that the line of sight througtraine
depends on the relative orientation of the train (the angle between radiant and viewing
direction). As a result, when the trains appears close toathiant,the line ofsight

is along the train and it appears much brighter. Note that these brighter trains do not
last longer, although in general the brighter trains are expected to do.

Of special interest is also tlitameter ofthe persistent train, whictlecreasesvith
increasing distance to the meteors (Fig. 11). The trains expand to a width of about 2
kilometers in the persistent phase (from a typéaimeter ofabout 40 meters for

trails detected by LIDAR). The train is aboutiegreewide when it appearsigh on

the sky. Only below 30 degrees altitude does the train diameter decrease significantly.

Although trainstend to appearelatively low on the horizonwhere the effective
surface area per degree field of view is high, they are also fainter and more difficult to
detect. Ifall Leonids of anabsolute visuamagnitude of -4 leave persistent train,

Fig. 11 shows how thehance of detecting main varies as a function of viewing
direction. Below 20 degrees altitude, the chance quickly increases. However, the train
brightness is so much less that a typical visobserverwill not be able to
recognizethese traingand the abundance ofrains is relatively constant. The low
altitude trains should be obvious, however, for more sensitive techniques. Given that
persistent trains may occur for meteors of a certain minimum brightness, one has to
look out for trains of a lesser brightness allowing for the attenudtierto distance

and extinction. For a visual observer under clear conditions déessla theapparent
brightness of -4 meteors in the zenith is -3 at 46°, -2 at 29°, -1 at 19°, +0 at 13°, +1
at9” and +2 at 6°.
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Figure 12.  Theobserved rates as a function of magnitudistribution indexx for a
visual observer watching at various elevations from the horizon

7. Applications
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7.1. VISUAL OBSERVATIONS

Visual naked eye observations have a relatively wide field of view, the sizbidf
is strongly dependent on meteor magnitude. Part of the field of vielsisucted by
the horizon. As a result, thdetection ratedepends in aomplicated way on the
viewing direction.

In order tocalculatethe observed rate as fainction of viewing elevation (h), we
calculated the expected flux (n) for different positions on the sky as in Fig. 6, but for
an observer at sdavel under clearskies (k = 0.217). We theassumedhat an
observerwas watchingtowardsthe radiant. His or her probability of detecting a
meteor of given magnitude (m) distance (Defrom the center ofvision P(m,De)

was taken to be the valueseasured byKoschackand Rendtel(1990). We then
integrated this flux level over the field of view, weightiegch direction by #&actor

that is proportional to the overadletection efficiency ovethe whole magnitude
range:

HR(h) =n (h=m P(m,De)x ™ (23)

Observers tend to either concentrate on the central p#redield of view or watch

over a muchwider region. For thesake ofillustrating oneparticular case, whave
adoptedthe mean of the given values of P(m,De), neglecting a possible h-
dependence. A differefiinction wasused byVan Vliet (1994), withqualitatively
similar results as shown in Fig. 12.

For highy such as during the meteor storm, the viewdirgction isbestabove 30°
altitude (Fig. 14).Below that, the horizon cuteff a significant part of thdield of
view, lowering the rates. For loy < 2.0rates stay about constadown to 20°
elevationandmay even peak at thedew viewing elevations. That ibecause a
relatively higher fraction of meteors originates from ldrge effective field of view
for brighter meteors. Thisituation isrelevant forthe recent Leonidoutbursts of
1994 - 1996, whe was about 1.7However, the samwill apply when observers
pay less attention to the faint metearsl start noticing the bright ones keir
sheer number, a situation that may wedtur duringthe upcoming stormd-ence,
the abundance of bright Leonids time storm agsemembered byhe visualobserver
will depend much on the observing technique.

7.2. PHOTOGRAPHIC OBSERVATIONS

The detection efficiency fophotographic observations scalgh the flux of the
meteors (Fig. 6), but also inversely with the angular velaoitiig. 9).

The elevation-dependence @fix is most sensitive to the atmospheric extinction.
Photographic observatiorese most efficient whenthe film is sensitive to the
intensenear-UVemission of the meteors. At those wavelengths, a relatively high
extinction coefficient applies. k = 0.4 wasdoptedhere to illustrate conditions
typical at a wavelength of 4000 A at the ground during a clear night.
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The number of photonsollected in asingle pixel of thedetectorscaleswith the
time the meteor image iprojected onthe pixel, henceinversely with w. For a
typical fast moving meteor, the effective brightness decrease is according to:

= 2.5 log @/ w) (24)

Fig. 13 shows the resulting detection efficiencies. Clearly, aatgsighestnear the
radiant (foreshorteningand athigh elevations (low extinction). The weknown
effect oflow detection efficiencies inthe direction opposite of theradiant isalso
apparent in the graphs of Fig. 13, and is a result of the high angular velocity.
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For the purpose of measuring meteor flux, one haskdep in mind that
preferentially the angular velocity shouldt changetoo much in theield of view
(Bellot Rubio 1994).Hence, whermaiming thecameras, it is good to avoid the
radiantdirection, becausehe angular velocity of the meteors varigiglely in that
direction.

7.3. NEAR-IR SPECTROSCOPY

The situation changes dramatically if the detection technique is sensitive meahe
infrared outside atmospheric absorption bands where extinction isvely. In that
casethe detection efficiency isalmost constanbver the entiresky, with only an
enhancement close to thadiant directiordue toforeshortening (no Figure). It was
again assumedhat the detection efficiency ofphotons per pixel is inversely
proportional to the angular velocity, as for example in slit-less spectroscopy.

8. Laboratory astrophysics and space science

This paper has describedsome of the opportunities for remote observing of
meteoroids and their interaction with the Earth’s atmosphere. At the timmetear

storm, nature offerghe opportunity for aunique series of laboratory experiments
with relatively well controlled parameters that are varied in waysatteahaccessible

by other techniques. These include flash-heating experiments of relatively large mm-
cm sized cometary materials, ultra-high-velocityre-entry dynamicsand reaction
chemistry experiments involving neutral metal atom debris in the upper atmosphere.
The detection techniques used will be mainly remote sensing imaging, spectroscopic,
and ranging techniques in ground-based and airborne observations. Space experiments
can include spectroscopy at wavelengths inaccessible from the gemghdetection

of the smallest grains in the shower by impactdails andaerogels. Inaddition,
balloon experiments may be able to collect tkeondensedneteoric vapor or
meteoric debris if it ispossible to distinguish thkeonid debrisfrom debris of
sporadic meteors.

The Leonid Multi-Instrument Aircraft Campaign is amirborne laboratorylead by
NASA/Ames Research Center, that will provide a podium for an international group
of scientists to be under favorable observing conditions in eastern Asia at the time of
the event inNovember 0f1998. If all develops toplan, more than tewlifferent
experiments will use imagingspectroscopicand ranging techniquesfrom two
aircraft.

Leonid MAC will address key issueslated tothe composition otometary matter,
the dynamics of transport athis matter to Earth, thereation of NOand other
molecules in the meteor path, neutral atom chemiamg the formation of
condensables. For that purpose, meteors will be imaged for flux measurediénts.
less UV/Vis spectroscopwill addressthe abundance othe main rock-forming
elements,near-IR spectroscopyvill try and detectthe organic component in
cometarymatter. Meteor trainsvill be studied byhigh-resolution spectroscopy and
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the visual and near-IR and by low-resolution mid-IR spectroscopy for mineralogy and
the detection of an emission continuum from dust. Efforts wiliragle totry detect

the scatteredsunlight of meteoroids in spacethus measuring thescattering
properties of relatively large cometamyatter. Finally,lidar rangingtechniqueswill

be used to study the deposition of neutral attaibris duringthe showerandfollow

the kinetics over time in a reaction chemistry experiment.

Other experiments are planned by researchers worldwide, inclgaingd-basedadar
measurements for meteftux, multi-station photographfor meteororbits, studies
of the Moon'’s sodium atmosphere, balloon boandsounding rocket collection of
upper atmosphere debris, and satellite impact studies.

The results of these observations wgkneratenew opportunities forlaboratory
astrophysics and space research experiments during the 1999 return of the Leonids.

9. Further information

The abovediscourse isall but completeand other considerations, observing
techniques,and targets certainlyexist. However, we hopethat the present
information will already be obenefit to awide range ofpotential observers of the
Leonid meteor storms.

Further informatiorregardingthe Leonid showerand the Leonid Multi-Instrument
Aircraft Campaign can be found at the website:

http://leonid.arc.nasa.gov/

We wouldlike to endthis work with aword of cautionand awarning not to put
expectations too high, but also not to put expectationsotwoOne should weight
the likely outcome of various observing strategies agaixstctecpeakflux levels.
Some effort has to beaimed atthe best possible outcome in terms gspfectral
resolution, imaging, and ranging accuracy, risking no result at all, in orderaiglde
to make full use of the high flux of meteaxsd meteor trains that theeonids may
offer us in November of 1998 and 1999.
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